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Of the crystallin proteins of the lens, the principal subunit of the p-crystallin, pB2 @BP), has been considered to be the 
only heat-stable protein because it does not precipitate upon heating. In our recent investigations, however, we have 
found that the cc-crystallin from bovine lenses is not only heat stable but also does not denature at temperatures up to 
100°C. Using circular dichroism and fluorescence to monitor the conformational changes of tl- and BBZ-crystallins upon 
heating, we found that a-crystallin maintains a high degree of structure, whereas the BB2-crystallin shows a reversible 
sigmoidal order-disorder transition at about 58°C. 
a-Crystallin; P-Crystallin; Thermal stability; Conformational change 
1. INTRODUCTION changes in these molecules resulting from the nor- 
mal aging process and cataractogenesis. 
Among the cytoplasmic soluble protein com- 
ponents (cu-, f3-, y-crystallins) of the mammalian 
lens fiber cells, cr-crystallin is the largest [l]. It is 
an oligomeric, globular protein of M, -8 x lo5 and 
is composed of two gene-product subunits, (YA and 
CYB, each with an iVfr of -2 x 104. The ,&crystallin 
is also a multimer, unlike the y-crystallin which is 
monomeric. During aging and cataractogenesis, 
considerable changes in the crystallins have been 
noted, including many involving cu-crystallin 
[l-3]. Yet this protein, particularly in humans, 
survives longer than the other two during aging [4]. 
Recently, investigators [14-161 have focused 
their attention on the principal subunit of the P- 
crystallin, the polypeptide pS2 (formerly known as 
PBp), because it is the only mammalian lens 
crystallin that does not precipitate when heated to 
100°C; this so-called ‘thermal stability’ has been 
related [15] to the ability of different species to 
withstand the environmental temperature condi- 
tions. To confirm this property of /3B2, we includ- 
ed this subunit in this study. 
The stability of lens proteins is of particular im- 
portance because they cease turning over shortly 
after their synthesis, unlike most other proteins. 
We have, thus, undertaken a systematic investiga- 
tion [5- 131 of the structure and stability of the lens 
crystallins. These studies were aimed at assessing 
We used circular dichroism (CD) and 
fluorescence techniques to monitor the thermal 
changes of these two proteins. We report here that 
a under certain conditions is remarkably more 
stable than pB2 in that the former does not 
denature even at 100°C. pB2, on the other hand, 
undergoes a reversible order-disorder transition at 
about 60°C but does not precipitate at 100°C. 
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The cu-crystallin was purified further on a Biogel A-l5m column 
[5]. The low-molecular-mass fraction of the cy ((~3 from this 
separation was collected. Cortical and nuclear cyr were in- 
distinguishable in this study. flB2 was isolated from thepr frac- 
tion following the method described [15]. 
CD studies were conducted using an AVIV 60DS spec- 
tropolarimeter (AVIV Associates, Lakewood, NJ) [8] with a 
temperature control accessory (Hewlett-Packard, Palo Alto, 
CA) to monitor changes in the ellipticity at 217 nm wavelength 
as the temperature increased up to 100°C in increments of 
0.2- 1 .O”C. Protein concentrations were 0.1-0.2 mg/ml with a 
0.1 or 1.0 cm light path for far-UV CD measurements and 
1.0-2.0 mg/ml with a 1.0 cm light path for near-UV 
measurements [8]. Secondary structure calculations were made 
by computer analysis of the far-UV CD spectra using the 
method of Chang et al. [18]. 
both CYL and PB2 as a function of temperature. The 
h max for CYL remains unchanged, whereas the h,,, 
for PB2 shifts from 330 to 348 nm around 60°C; 
these results agree with those from the far-UV CD 
analysis. Since the free tryptophan emits at 
350 nm, the red shift to 348 nm indicates that PB2 
becomes a random coil at that temperature and 
above. The decrease in fluorescence intensity of 
both proteins upon increasing temperature is 
probably due to thermal deactivation of the excited 
state of the molecules. 
Fluorescence was measured using a Perkin-Elmer MPF 44A 
fluorometer [lo], and the temperature was controlled by a cir- 
culating water bath. Sample temperature was determined using 
a thermocouple inserted into a cuvette. 
The thermal stability of or-crystallin is depen- 
dent on the concentration of protein and the buffer 
used for solution (fig.3). Aggregation starts when 
the protein concentration is 0.05 mg/ml in Tris- 
KC1 buffer, pH 7.4, and 2.15 mg/ml in phosphate 
buffer, pH 7.4. 
3. RESULTS 4. DISCUSSION 
The far-UV CD spectra of both (YL (fig.lA) and 
,f3B2 (fig.lB) at 25°C show a minimum around 
217 nm, which is characteristic of a p- 
conformation. As the temperature increases, the 
minimum for CYL becomes more negative but levels 
off at 60-100°C. In the lower frame of fig.lA, the 
change in the CD minimum at 217 nm with respect 
to temperature is shown schematically. The spec- 
trum of LYL at higher temperatures (60-100°C) 
reflects more of an a-helical structure than of a 
random coil. The CD spectrum of pB2, on the 
other hand, shows a decrease in magnitude (less 
negative) at 217 nm (fig.lB), and at temperatures 
above 60°C the spectrum resembles that of a pro- 
tein with a random-coil structure. A sharp, 
sigmoidal, order-disorder transition of the struc- 
ture is seen when the ellipticity at 217 nm is plotted 
against temperature (fig.lB, lower frame). After 
heating to lOO”C, the CYL and PB2 samples were 
cooled to room temperature (25”C), and the spec- 
tra of both were recorded (fig.1). Both spectra are 
very similar to that of the unheated one, that is, 
mostly reversible. Computer analysis of the far- 
UV CD data of both CYL and ,&B2 shows that the cy- 
helical structure increases from 4% to 12% upon 
heating to 100°C in the cur_-crystallin. However, in 
PB2 this structure becomes more random at 
temperatures above 60°C. 
Spectroscopic evaluation of the secondary and 
tertiary structures of c+crystallin has been detailed 
[5-7,191; the protein chain consists primarily of 
the &sheet conformation with less than 5% of the 
a-helix structure. The increase in a-helical content 
upon heating might raise the question as to 
whether heat induces dissociation (or disaggrega- 
tion) of the cy into cuA and cuB subunits. If one of 
the subunits were to contain more of an a-helical 
structure than the other, upon heating there could 
be a net increase in a-helical structure during 
dissociation. Because of the similarities of the se- 
quences [20] and far-UV CD properties of the 
subunits [21], it is unlikely, however, that cuA and 
aB would differ significantly in their secondary 
structure. Moreover, the far-UV CD spectrum 
returns to its original state upon cooling. In view 
of these facts, heat-induced dissociation of 
subunits seems improbable. Alternatively, at 
higher temperatures the quaternary structure may 
change, as suggested [22], and the monomers may 
rearrange themselves in a slightly different confor- 
mation (with more a-helix than the original). 
Unlike with heat, u-crystallin completely denatures 
in urea or guanidine hydrochloride [23]. 
Fig.2 shows the change in intensity and emission 
maximum (Amax) of tryptophan fluorescence of 
The heat stability of a-crystallin depends on sol- 
vent conditions (buffer) and protein concentration 
(fig.3). As a result, it appears that the heat-induced 
precipitation at higher concentrations of protein or 
under other solvent conditions is not preceded by 
110 
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denaturation but is a ‘super aggregation’ process 
of the cu-crystallin multimer. 
The unique and remarkable conformational 
(thermal) stability of a-crystallin observed in this 
study may provide a new concept in understanding 
the structure and function of this major protein of 
the mammalian lens. Various models for the 
quaternary structure of the a-crystallin aggregate 
have been proposed, including the three-layer 
[22,24], dodecamer 1251, and micellar [21,26] 
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Fig.1. (A) Far-UV CD spectra of (YL at 25”C, 90°C and 25’C after heating to 95°C (upper frame). Change in ellipticity at 217 nm 
with respect o temperature (lower frame). (B) Far-UV CD spectra ofBB2 at 25”C, 70°C and 25°C after heating to 85°C (upper frame). 
Change in ellipticity at 217 nm with respect o temperature (lower frame). Protein concentration was 0.1 mg/ml in 0.1 M phosphate 
buffer, pH 7.4, in each case. 
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structures. Perhaps further study on the 
temperature-induced structural changes of cy- 
crystallin under a variety of conditions will provide 
information consistent with one of these suggested 
models. 
It is now evident that ,L?BZ is not conformational- 
ly stable at higher temperatures. Reported data on 
thermal stability of ,&B2 [14-161 are somewhat 
misleading in that the protein is indeed denatured 
above 60°C. However, the denaturation is largely 
reversible, which has misled previous investigators. 
In general, the melting temperature, order- 
disorder transition, and thermal behavior of pB2 
resemble those of the y-crystallins more than those 
of cu-crystallin. The melting temperatures of y-11, 
y-111, and y-IV are 70.5, 75.2 and 75.4”C, respec- 
tively [27], compared with -58°C for pB2. The 
order-disorder transition of both r-crystallins and 
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Fig.2. Change in tryptophan (A) fluorescence intensity and (B) 
emission maximum of LYL (solid squares) and /3B2 (open 
squares) as a function of temperature. Protein concentrations 
of both were 0.1 mg/ml in 0.1 M phosphate buffer, pH 7.4. 
,&B2 is sharp and sigmoidal. The only similarity of 
,.&B2 to the cu-crystallin is that the temperature- 
induced conformational change is reversible; no 
precipitation occurs upon cooling to room 
temperature. y-Crystallins, on the other hand, 
form aggregates at temperatures higher than their 
melting temperature [27]. pB2 shows 29% se- 
quence homology with bovine y-11 [28]. X-ray 
studies [29-311 also suggest that a structural 
similarity exists between pS2 and y-11 crystallin. 
The major difference between y-11 and pS2, 
however, is that the structure of the latter favors 
formation of dimers [32]. Despite this difference, 
studies [28,31] including this report strongly favor 
the concept of a P-y superfamily with respect to 
resemblance in structure and in properties. 
There are currently many investigations aimed at 
determining the exact structures of the crystallins 
and how they may change with time. The LY- 
crystallin, for example, may increase in molecular 
mass with age but maintain the same secondary 
structure [33], become insoluble [l-3]. The 
specific mechanisms for these and other changes 
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Fig.3. Turbidity measurements of different concentrations of 
(or after heating to 100°C for 5 min in 0.1 M phosphate buffer, 
pH 7.4 (open triangles), and in Tris/KCl buffer, pH 7.4 (solid 
triangles); the latter buffer contained 0.01 M Tris-HCl, 0.1 M 
KCI, 0.0008 M EDTA, 0.003 M sodium azide and 0.0007 M 
2-mercaptoethanol. The degree of turbidity was determined by 
measuring the absorbance at 450 nm. 
are not always known. Stability studies such as this 
one will continue to shed light on the structure of 
the lens proteins and provide explanations for the 
resilience of the lens with aging. The ability of the 
a-crystallins when heated to maintain an ordered 
secondary structure through an accommodative 
process is indeed unique among the crystallins. 
Our findings confirm the speculated ther- 
modynamic stability of the a-crystallin because of 
its sequence homology with heat shock proteins 
[34]. Ironically, recent studies on the thermal 
stability of crystallins have centered on the ,.&B2 
which denatures. To understand better the thermal 
behavior of the a-crystallin, future studies could 
focus on the contributions and arrangement of its 
subunits or the effect of protein modification on 
the thermal stability of this crystallin. 
Acknowledgemenl: This study was supported by NIH grant 
EYO4161. 
REFERENCES 
[1] Harding, J.J. and Dilley, K.J. (1976) Exp. Eye Res. 22, 
l-73. 
[2] Hoenders, H.J. and Bloemendal, H. (1981) in: Molecular 
and Cellular Biology of the Eye Lens (Bloemendal, H. 
ed.) pp.279-326, John Wiley, New York. 
113 
Volume 236, number 1 FEBS LETTERS August 1988 
[3] Harding, J.J. (1981) in: Molecular and Cellular Biology 
of the Eye Lens (Bloemendal, H. ed.) pp.327-365, John 
Wiley, New York. 
[4] Lerman, S. (1976) Dot. Ophthalmol. Proc. Ser. 8, 
241-249. 
[5] Liang, J.N. and Chakrabarti, B. (1982) Biochemistry 21, 
1847-1852. 
[6] Andley, U.P., Liang, J.N. and Chakrabarti, B. (1982) 
Biochemistry 21, 1853-1858. 
[7] Chakrabarti, B., Bose, SK. and Mandal, K. (1986) J. 
Ind. Chem. Sot. 63, 131-137. 
[S] Mandal, K., Bose, S.K., Chakrabarti, B. and Siezen, R.J. 
(1985) Biochim. Biophys. Acta 832, 156-164. 
[9] Mandal, K., Bose, S.K., Chakrabarti, B. and Siezen, R.J. 
(1987) Biochim. Biophys. Acta 911, 277-284. 
[lo] Mandal, K., Chakrabarti, B., Thomson, J. and Siezen, 
R.J. (1987) J. Biol. Chem. 262, 8096-8102. 
[1 1] Mandal, K., Kono, M., Bose, S.K., Thomson, J. and 
Chakrabarti, B. (1988) Photochem. Photobiol. 47, 
583-591. 
[12] Kono, M., Mandal, K. and Chakrabarti, B. (1988) 
Photochem. Photobiol. 47, 593-597. 
[13] Mandal, K. and Chakrabarti, B. (1988) Biochemistry, in 
press. 
[14] Mostafapour, M.K. and Schwartz, C.A. (1981/82) Curr. 
Eye Res. 1, 517-522. 
[15] Horwitz, J., McFall-Ngai, M., Ding, L.-L. and Yaron, 0. 
(1986) in: Advances in Age Research in Europe (Duncan, 
G. ed.) pp.227-240, Eurage, Holland. 
[16] McFall-Ngai, M., Horwitz, J., Ding, L.-L. and Lacey, L. 
(1986) Curr. Eye Res. 5, 387-394. 
[17] Liang, J.N., Bose, S.K. and Chakrabarti, B. (1985) Exp. 
Eye Res. 40, 461-469. 
[18] Chang, C.T., Wu, C.-S. and Yang, J.T. (1978) Anal. 
Biochem. 91, 13-31. 
[19] Siezen, R.J. and Argos, P. (1983) Biochim. Biophys. Acta 
748, 56-67. 
[20] De Jong, W .W. (1981) in: Molecular and Cellular Biology 
of the Eye Lens (Bloemendal, H. ed.) pp.221-278, John 
Wiley, New York. 
[21] Thomson, J.A. (1985) cu-Crystallin: A Model for Multi- 
subunit Protein Assemblies, PhD Thesis, University of 
Melbourne. 
[22] Siezen, R.J., Bindels, J.G. and Hoenders, H.J. (1980) 
Eur. J. Biochem. 111, 435-444. 
[23] Siezen, R.J. and Bindels, J.G. (1982) Exp. Eye Res. 34, 
969-983. 
[24] Bindels, J.G., Siezen, R.J. and Hoenders, H.J. (1979) 
Ophthalmic Res. 11, 44-452. 
[25] Thomson, J. and Augusteyn, R.C. (1984) Proc. lnt. Sot. 
Eye Res. 3, 152. 
[26] Augusteyn, R.C. and Koretz, J.F. (1987) FEBS Lett. 222, 
l-5. 
[27] Kono, M. and Chakrabarti, B. (1988) Biophys. J. 53, 
450a. 
[28] Driessen, H.P.C., Herbrink, P., Bloemendal, H. and De 
Jong, W.W. (1981) Eur. J. Biochem. 121, 83-91. 
[29] Wistow, G., Slingsby, C., Blundell, T., Driessen, H., De 
Jong, W.W. and Bloemendal, H. (1981) FEBS Lett. 133, 
9-16. 
[30] Slingsby, C., Miller, L.R. and Berbers, G.A.M. (1982) J. 
Mol. Biol. 157, 191-194. 
[31] Summers, L., Wistow, G., Narebor, M., Moss, D., 
Lindley, P., Slingsby, C., Blundell, T., Bartunik, H. and 
Bartels, K. (1984) Peptide Protein Rev. 3, 147-168. 
[32] Berbers, G.A.M., Boerman, O.C., Bloemendal, H. and 
De Jong, W.W. (1982) Eur. J. Biochem. 128, 495-502. 
[33] Messmer, M. and Chakrabarti, B. (1988) Exp. Eye Res., 
in press. 
[34] Wistow, G. (1985) FEBS Lett. 181, l-6. 
114 
